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rotor blading of high temperature aircraft gas turbines
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E. Glenny

SUMMARY

A review and appraisal of data on metals, alloys, ceramics and

ceramic/metal composites (cermets) in use or potentially useful for

* the rotor blading of aircraft gas turbines have been made. While it is

evident that the existing nickel, cobalt and iron-based alloys, either

wrought or cast, are unlikely to be useful at temperatures above

8800C (on a 100 hour life basis), no other materials immediately

available are likely to replace these alloys for higher temperature

service. Metallic alloys and cermets possessing similar or superior

strength at higher temperatures have been developed but their inadequacy

in other respects, e.g. lack of oxidation resistance (molybdenum-based

alloys) and mechanical shock resistance (chromium-based alloys and

cermets) preclude. their application.
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A review and appraisal of data on metals, alloys, ceramics and
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evident that the existing nickel, cobalt and iron-based alloys, either

wrought or cast, are unlikely to be useful at temperatures above

8800C (on a 100 hour life basis), no other materials immediately

available are likely to replace these alloys for higher temperature

service. Metallic alloys and cermets possessing similar or superior

strength at higher temperatures have been developed but their inadequacy

in other respects, e.g. lack of oxidation resistance (molybdenum-based

alloys) and mechanical shock resistance (chromium-based alloys and

cermets) precludes their application.

M.X.A. 31.1.56

DISCOMT-C0IEM'IwIAL MAY 1 6 1956

a ,, - a



DIS CaT-CONIDFNTIAL

- 2 - Memorandum M. 261

C0iqNTS Page

1.0 Introduction 5

2.0 6wtals and alloys 6

3.0 Ceramics and cermets 9

3.1 Historical development 9
3.2 Evaluated properties 12

4.0 Conparison of the properties of metals, alloys, ceramics
and cermets 15

5.0 Conclusions 17

References 18

Circulation 22

Detachable Summary Cards

TABUO

No. Title

I Properties of pure annealed metals 23

II Chemical compositions of metallic alloys 24

III Supplier, method of manufacture and heat treatment of

metals ond alloys. 26

IV Plysical properties of metals and alloys 28

V Data on tensile strength and Young' s Modulus for metals
aLd alloys 30

VI Rupture stress data for metals and alloys 32

VII Specific 100 hour rupture strength properties
(relative to Nimanic 90) of metals and alloys 35

VIII Creep properties of metallic alloys 37

IX Comparative fatigue strength data (Wohler) for creep
resistant alloys 38

X Coparative fatigue and rupture strength properties

of creep resistant alloys 39

XI Chemical compositions of ceramics and cermets 40

XII Source and method of manufacture of ceramics and cermets
considered useful for gas turbine blading 41

IS T-CONFIDff fM



DISC i-ET-CONF N IAL

- - Memorandn M. 261

TABZT' (Cont'cd)

No. Title Page

XIII Physical property data for ceranics and cermets 43

XIV Data on tensile strength and Young's ihodulus of ceramics
and cextiets 45

XV Rupture stress data for ceramics and cermets 47
XVI Specific 100 hour rupture strength properties (relative

to Ninonic 90) of ceramics and cennets 49

XVII Bend creep data on ceramics, cermiets and Nimonic 95 51

XVIII Data on oxidation resistance of ceramics and eexmets 52

XIX Thermal shock indices for ceramics and cenmets 54.

XX Results of N.A.C.A. thermal shock tests on ceramics
and cermets 55

XXI Capnrison of laboratory test performance and thermal
shock indices of ceramics and cennets 56

XXII Roon temperature impact strength data for ceramics and
cermets 57

XXIII Variation of irpact strength of ceruics and cermets
with temperature 59

XXIV Temperatures ond stresses for 100 hour rupture life,
assui ing each alloy to bc unaer swre centrifugal loading
as Nimonic 90 60

Appendix I Chemical s mbols of elements and compounds 61

i ILUSTiA2I0IS

.No Title Sk. No. or
Ne . No.

1 100 hour rupture struss data at 8710 C for
metals and alloys 21067

2 100 hour rupture stress data at 9820C for
O metals and alloys 21068

3 100 hour rupture stress/temperature curves
for wrought alloys 21069

1. 100 hour rupture stress/temperature curves
for cast alloys 21070

5 100 hour rupture stress/temperature curves
for molybdenum and its alloys, and niobium 21071

DISCRET-CONFIDENTIAL



DISRCRET-COnFIDENTIAL

- 4 - Iniorndum M. 261

iLLUBSATI0NS (Cont' a)

Fj i~o. Title Sk. No. or
Neg. No

6 100 hour rupture stress data at 871oC for
ceramics and cemets 21072

7 100 hour rupture stress data at 9820C for
ceramics and cermets 21073

8 100 hour rupture stresstemperature curves
for metal-bonded carbides. 21074

9 100 hour rupture strese/temperature curves
for sillimanite, molybdenum disilicide and
alumina-based cenuets 21075

10 Compaative 100 hour rupture stress data at
871'C for metals, alloys, ceramics and
cermets 21076

11 Ccmaative 100 hour rupture stress data at
982 C for metals, alloys, ceramics and
cermets 21077

12 Ccriparative s8ecific 100 hour rupture stress
data at 871 C for metals, alloys, ceramics
and cennets 21078

13 Comparative secific 100 hour rupture stress
data at 982 C for metals, alloys, ceramics
and cennets 21079

14 Cwparative 100 hour rupture strengt /tempera-
ture curves for representative metals, alloys,
ceramics and cenrets 21080

DL%=ET-CQNF1LW(7AL



D ISwT -CONFIITIAL

- 5 - lelnorandum 14. 261

1.0 Introduction

During the past ten years, the demand in aircraft gas gurbines for
greater thrusts (frcai jet and turbo-jet engines) and higcher power outputs
(from propellor turbine engines) has stimulated a considerable research
effort to provide rotor blade materials that will withstand higher gas
temperatures. In this country, tha Nimonic series of alloys has satis-
fied the requirements for the rotating blading of production engines.
In all probability, the recently-developed 4imonic 100 will be used in
the iiediate future for blades operating at tumperaturos approaching0

900 C (assuming a 300 hour life). However, research engineers have
designed and tested bxpiAlimental engines at gas inlet temperatures in the
region of 120000. For such operation, the available high temperature
nigh strntli alloys nist be cooled, e.g. by air cooling, using blades
containing internal cooling passages and manufactured by powder metal-
lurgy, extrusion or casting techniques.

While it is not impossible that the further improvements in iron,
nickel or cobalt-based alloys (using, for example, vacuum melting instead
of air melting, and hot extrusion instead of forging) may yield composi-
tions capable of operation in conventional aircraft gas turbines at rotor
blade temperatures approaching I000 C, it has been evident for seme time
that there is a temperature limit beyond which alloys based on these
three metals will be inapplicable. Attempts have and are being made to
develop new materials that possess similar or higher strength at higher
temperatures than existing mtallic alloys, and yet will fulfil other
performance requirements for rotor blading viz. adequate resistance to
creep, fatigue, oxidation, erosion, thermal shock and impact, and satis-
factory stability and reliability in the operating temperature range.

The prim rxy requirement is adequate strength at temperature. As
the ability of riany materials to mantain their strength at higher
temperatures increases with increase in melting point, research workers
have considered the usefulness of higher melting materials such as oxides,
carbides, nitrides, borides and silicides (all of which may be loosely
termed ceramics) and refractory metals such as chroiium and molybdenum.
Ceramics are characterised by inherent brittleness and high sensitivity
to mechanical shock and often to thenrl shock, but are resistant to
erosion and generally to oxidation. hetals and alloys usually possess
adequate ductility and mechanical shock resistance, but losv their
strength at lower temperatures than the ceramics. The idea of caiabining
ceramics and metals to produce 'ceniets' came easily-, and considerable
effort, particularly in the United States, has been devoted to their
develolmient. A similar effort has been devoted in the United States

oI to the evaluation of the usefulness of molybdenum and its alloys, while
substantially less effort has been made to develop chroamiiu.-based

allo s. ko far the results have been disappointing. Whilv it is
probable that the premise initially indicated for these materials will
not be quickly or easily fulfilled, it is too early to take a pessi-
mistic view of the prospects. Only . small area of the possible fields
of endeavour has been developed seriously.

This Memorandum is a review of data on coramics, cormets, metals
and alloys that are in use or have been considered potentially use-
ful for the rotor blading of aircraft gas turbines. The purpose of
the review is to make an appraisal of the relative merits of these
materials for this application. It is mainly concerned with those ccm-
positions for which tensile stress-to-rupture properties have been

DISCW-MONPIDENTAL
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evaluated and have proved to be similar or superior to Nimonic 90.

2.0 Metals and alloys

Although in this country wrought nickel-based alloys have always
been used for the rotor blading of production aircraft gas turbines, both
wrought and cast nickel and cobalt-based alloys have been and are being
used in the United States. It is claimed that S 816, a wrought cobalt-
based alloy has been the most widely used alloy in recent years in the
United States. However, sce engine firms in the United States have
recently become more interested in the tsefulness of castings for uncooled
and cooled rotor blading.

Prior to dealing with individual alloy compositions, the properties
of pure metals which might serve as base metals for blading alloys will
be considered. Their melting points, densities and strength properties
are given in Table I. Frog. the stres4/densitr data, it is evident that
niobium, tantalum, chroaium, molydenum, tungsten, rhodium and iridium are
potentially useful. Rhodium, and iridium can be excluded fron further
consideration because of their extremely small natural resources and
exceedingly high cost. Of the remaining metals, only chromium does not

* require protection against oxidation. Chromium possesses an attractive
strength-to-weight ratio, but can be prepared in a ductile state only if
stringent precautions are taken to eliniinate detrimental impurities such
as nitrogen. All chromium-based alloys so far prepared 4 ,5, have been
brittle, but the Aeronautical Research Labs., Melbourne, consider6 that

the production of ductile alloys is possible. However, it has yet to
be demonstrated that such dictile alloys do not become ombrittled by
absorption of nitrogen at elevated temperatures. Niobium has a favour-
able strength-to-weight ratio and is also ductile, but lacks resistance
to oxidation. The high densities of tungsten and tantalum are dis-
advantageous from engine weight considerations. Tungsten and molybdenum
oxidise rapidly above 5500C; molybdenum trioxide is volatile above 700OC.

Molybdenum has been a greater attraction to the engine designer
than any other refractory metal, because of its aduquato natural resources,
good strength-to-weight ratio, and relativel low thermal expansion and
high thermal conductivity (hence potentially high rsistance to thermal
shock). Over three million dollars have already been spent in the
United States on research and development work to evaluate the properties
of molybdenum and its alloys and to devise methods of protection against
oxidation. As the latter could not be achieved by alloying, protective
coatings have been investigated8 but to date the required resistance to
cyclic heating and cooling with superimposed tensile stress has not been
obtained. Also, as for chrcain, very small aounts of impurities have
been found to exercise a considerable effect on the level and uniformity
of creep and fatigue properties and on the recrystallisation temperature;
hence very close control of the casting and fabrication processes is
essential. Molybdenum, like some ferrous alloys, displays a so-called
transition temperature below which a change from ductile to brittle
behaviour takes place. Oxygen, and to a lesser extent, carbon, have
been found to be the primary causes of roa temperature brittleness.

Published data on metals and alloys possessing co.para~le or
superior stress-to-rurture properties to Nimonic 90 above 800 C aro given
in Tables II to X.

DISCMET -4JRM[NTIA.
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The nominal chemical compositions of wrought and cast iron-,
nickel- and cobalt-based alloys, and sintered Vitallium (as used in the
experimental air cooled 117 turbine at the N. G. T.E. ) are given in
Table II. (For chemical symbols of the considered elements and com-
pounds, see Appendix I.) Most of the alloys are commercially available
but sane have only been tested in the laboratory or in experimental
engines and are therefore designated "Experimental" in Table III which
also includes the heat treatment conditions used to develop optimum
high temperature strength properties. The International Nickel Co.
alloys, Inoonel X550, Inco 739 and Inoo 700 are fairly similar in con-
position (see Table II) to the Mond Nickel Co. alloys, Nimonic 90, 95
and 100 respectively, the high temperature strength being mainly
obtained bj the precipitation hardening conferred by Ti/Al campounds.
Of -de three t,ericai alloys, only Inco 700 contains cobalt. The
aericai-i S 616 and British G 32 alloys also have near-similar chemical

oompositions. The cast cobalt-based alloys were derived from the
cobalt/chromiuL/rolybdena alloy, Vitallium. In order to improve the
high temperature strength properties, nickel was substituted for same of
the cobalt (422-19), tungsten replaced molybdenum (X40 and H.S.36) and
small additions of tantalum were made (73J,IIIVT2-2, and 100 NT2).
The British G 34 alloy contains vanadium and niobium (absent fra, the
American alloys), and is a high carbon version of G 32.

The densities and available data on thermal expansion and thermal
conductivity of the above alloys and also of two cast chranium-based
alloys and five refractory metals are given in Table IV. The densities
of the iron, nickel- and cobalt-based alloys are all similar (with the
exception of X40 and H.S. 36), as also are their thermal expansions and
conductivities. The chromium-based alloys are somewhat less dense,
even though they contain 15/25 per cent molybdenum (specific gravity 10.2),
and their mean thermal expansions are only about 50 per cent of the
above alloys. The attractive thermal properties of both Liolybdenum and
tungsten are evident from the tabulated data.

Table V gives the values at roor. and elevated temperatures of
tensile strength and Young' z Modulus for the materials listed in Table IV.

ThS tensile 6upture strengths fortO, 100 and 300 hours at 8160,
8710, 982 and 1093 C of the metals and alloys previously considered
are listed in Table VI. For ease of comarison, the 100 hour data at
871°C and 982°C are presented in the form of histograms in Figures I and
2. Stresq/temiperature curves are shown in Figures 3-5. The most
striking feature of the data is that at 982'C, the strongest of the
nickel-, cobalt- and iron-based alloys has a 100 hour rupture strength
of only slightly over 6 tons/sq.in. he best wrought Ni-based alloys
have similar rupture strengths at 871 C to the best cast Co-based
alloj but are dcoidedly inferior at 9820C. It is characteristic of
wrought nickel-'.ased alloys that they show a more pronounced loss of
strength with increasing temperature than do cast cobalt-based allcs
or some wrought iron-based alloys (compare Nimonic 100 with G 42B and
14O in Figures 3 and 4 respectively). As expected from their near-
similar compositions, Inconel X550, Inca 739 and Inco 700 possess simi-
lar stress-to-rupture properties to Nimonic 90, 95 and 100 respectively.
The nickel-based casting alloy CR235 has similar rupture strength pro-
perties to the best of the cast cobalt-based alloys. Considering the
experimental alloys, it is at once apparent that the cast chrmi~um-based
alloy containing 15 per cent Fe and 25 per cent Mo has a greater 100 hour
rupture strength at 871 C than any of the foregoing alloys. Unfortunately

~ISCRW-CW=ETIAL
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no data is available at higher test temperatures. No stress-to-rupture
prqerties are available for G.E.C. carbon-free sintered Vitallium above
750 C, but at this ternperature its 100 hour rupture strength is about
80 per cent that of cast Haynes Stellite Alloy No. 23, which has a similar
composition except for a carbon content of 0.35/0.30 per cent. The
absence of carbon is the main reason for the r latively low strength of
the sintered alloy. Stress relieves vacuum-tested molybdentum is superior
in rupture strength at and above 871 C to any of the nickel, cobalt or
iron-based alloys considered. Small alloying additions create consider-
able improverents in strength, the 100 hour rupture properties of the 0.45
per cent titanium alloy being extremely high relative to unalloyed molyb-
denum. (See Table VI and Figure 5). The effect is qualitatively ex-
plained as being due to the considerable rise in the recrystallisation
temperature promoted by the addition of a small percentage of the alloying
element. Fully recrystallised molybdenum and its alloys are appreciably
inferior in rupture strength properties to the stress-relieved materials.
The rupture strength properties of niobium are superior to fully recrystal-
lised molybdenum but inferior to stress-relieved molybdenum.

As the tensile stresses in the rotor blading are centrifugal in
origin, the performance of materials is only compared effectively on a
strength-to-weight basis, or relative to the current 3ritish rotor blading
alloy, Ni-nonic 90. The specificM 100 hour rupture strength data for metals
and alloys are given in Table VII On this basis, Nimonic 100 is nowslightly superior an 100 hour/871 C rupture strength to the best cobalt-
based alloys. As the majority of the Ni, Fe and Co-based alloys have

siilar densities, this method of presentation has little effect on their
relative strength merits. (libnonic 100 is of slightly lower density than
Nimonic 95 anQ Nimonic 90 and so the improvement in perfonnance is some-
wnat greater than that apparent from the laboratory data presented in
lable VO. On this basis, the rsistance to centrifugal stresses of
stress-relieved molybdenum at 982 C is superior to that of the tantalum-
containing cobalt-based alloys. At this temperature, the stress-relieved
molybdenum alloys are still considerably superior in strength to any other
mztallic alloy.

Comparative creep data for wrought and cast alloys are given in
Table VIII. The notable feature of this data is that the stress to
produce 0.1 per cent or 0.5 per cent creep in 100 or 300 hours for cast
cobalt-based alloys is considerably lower than that for wrought Ni-based
alloys, although the 100 hour and 300 hour rupture strengths are similar.
This data serves to show that comparison of stress-to-rupture data only
as an evaluation of '-erformnaice can be misleading.

The small amount of available comparative fatigue data is confined
to British alloys (see Table IX). Comparable fatigue strengt4/rupture
strength ratios are given in Table X. The ratios for Nimonic 90 and 95
are higher than for the iron and cobalt-based alloys. The only casting
alloy represented in G.34, and the ratio is lower than its wrought
counterpart G.32 or any of the other wrought alloys except G.40. No
fatigue data has yet been published for Nimonic 100.

Ccmparable oxidation test data for the alloys considered is not
available. Alloys containing gO per cent or more chromium possess adequate
oxidation resistance uyc to 1100 C. A few of the alloys contain only
10/15 per cent chrctniir but they also contain sufficient aluminium to
proraote adequate resistance to oxidation. Coatings, 0.005/0.010 in. in

thickness, have been devised2 0 for molybdenum such that protection against

'r The tern, 'specific rupture strength" is used here to indicate the labo-

ratory rupture strength divided by the ratio of the density of the
material to the density of I'imonic 90.

DLS00-CNIU TAL
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oxigation is possible for at least 500 hours in circulating air at
982 C. A chrraii/silicoj/aluminium coating 2 0 , deposited by metal
spreying techniques, has some capacity to withstand thermal shook
without damaging its protective ability.

Very little data is available on the relative thermal shook
resistances of the metals and alloys considered. A number of British
finns, particularly the suppliers of steels and creep resistant alloys,
have devised laboratory thermal shock tests for assessing the merits of
their products for nozzle guide vane applications. Only a few rotor
blade materials have been tested. Their relative performances varied
with the nature of the test conditions and the geometry of the specimen.
The performances of cast cobalt-based alloys e.g. G.34 and X4.0, as
assessed by the number of cycles to produce cracking on heating and
cooling, were found to be both superior and inferior to Nimonic 80 and
Nimonic 90 according to the nature of the test and the temperature
range of the cycle.

* 3.0 Ceramics and cermets

3.1 Historical development

The usefulness of ceramics for -as turbine blading was first
investigated26,27 in Germany during the last war, the stimulus being
the shortage of critical elements such as nickel for alloy blading.
The low densities, inherent oxidation resistance and high short time
breaking strengths of the pure oxides were obviously attractive.
Although blades were manufactured, very little engine testing was
carried out. Froi this and subsequent work in the United States, it
became apparent that the pure oxides, with the exception of fused

silica, had inadequate thermal shock resistance. Fused silica was
considered to have inadequate strength-at-temperature advantage ove
metallic alloys. Beryllia was considered to possess superior thermal
shock resistance to alumina, zirconia and thoria, and this led the
Bureau of Standards to develop beryllia-containing porcelains. The
N.A.C.A. carried out28 short time tensile strength, creep and stress-to-
rupture tests up to 11500C on a number of these porcelains, the best
being a ccmpsition designated 4811C. Blades in this material and in
sillimanite (a beryllia-free porcelain) were tested2 9 in experimental
engines. Failures of the sillimanite blades occurred in the root
fixings due to stress concentrations. The 4811C blades were tested
for 50 hours at 980 C and speeds up to 14,000 rev/min., at the end of
which failure by thermal shook of all the blades occurred due to
failure of the air supply. It was concluded that oxide-based
ceramics were unsuitable for gas turbine blading.

During their investigations into pure oxides, German research
workers had realised that the brittleness of oxide ceramics such an

P alumina might be reduced by addition of metals without sacrificing
their high temperature strength and oxidation resistance. Although
iruv'alumina ccmpositions were unsatisfactory, this work stimulated
American and later British research workers to study the wetting of

01 alumina by metals and finally to concentrate on the ctrcmiumalumina

system. Blackburn and Shcvlin (Ohio State University) found3 0 that

the thermal shook resistance of 30 per cent Cr-A1203 was poor, and
that (as is generally the case) this property improved and the rup-
ture strength diminished with increasing metal oantent. The pro-
perties of 30 per cent Or- 72 per cent Cr- and recently 52 per oent
Czx/13 per oet No alumina bodies have been evaluated30,1,3.

DIBCM-cWIENITIAL
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Plessey Co. Ltd. have carried out33 under hL0.S. contract researches on
the development of Cr-A120 3 compositions (mainly 20 per cent and 40 per
cent Cr) daring the last five years. The Haynes Steflite Division of the
Union Carbide and Carbon Corporation, U.S.A., supply 3 4 comercially a
79 per cent Cr-AI203. A similar composition (about 75 per cent Cr-A1203 )
is also supplied by Morgan Crucible Co., London. Some effort has been
devoted to assessing the usefulness of other oxide ceramics for oermets.
The strength-at--temperature properties of nickel/magnesia cersets have
proved to be unattractive.

Considerably greater attention has been devoted to assessing the
usefulness of ceramia-type compounds such as carbides, nitrides, borides
and silicides formed by the combination of relatively small non-metal atoms
e.g. carbon, nitrogen, boron and silicon with metals, particularly the
transition metals (Group IV to VI of the Periodic Table). The transition
elements so far considered for combination with these non-metals are, in

*order of increasing atomic weight, titanium, vanadium, chromium, zirconium,
niobium, molybdenum, hafnium, tantalum and tungsten.

These compounds are characterised by thermal and electrical conduc-
tivities of the same order of magnitude as pure metals, by high hardness
values, melting points and moduli of elasticity, and by their chemical
stability, at least at room temperature. The major development efforts
have been concentrated on the carbides, particularly on metal-bonded
carbides.

Since World War II, considerable efforts have been made, mainly
by cutting tool manufacturers, to develop metal-bonded carbides for gas
turbine blading, but it was over 30 years ago that cutting tools having
a tool tip or cutting edge consisting of cobalt-bonded tungsten carbide
were developed. The superior performance of these tools over high speed
tool steels was to a large extent due to their high resistance to defor-
mation at the temperatures incurred in high speed cutting operations.
It was also found)5 that additions of titanium carbide to the cobalt-
bonded tungsten carbide considerably improved machining performance due
to enhanced oxidation resistance. Titanium carbide (specific gravity
4.9) is considerably less dense than tungsten carbide (specific gravity
15.8), more oxidation resistant than either tungsten carbide or zirconium
carbide (specific gravity 6.44) and possesses good thermal shock resistance.
The attractively low density coupled with high strength, high thermal con-
ductivity, low expansion and general structural stability, were the main
incentives for extensive research work on 'cemented' or metal-bonded
titanium carbide. Good bonding was obtained with nickel, cobalt, chromium,
tungsten or molybdenum. While high temperature strengths comparable or
superior to the "superalloys" (i.e. X40 type) were obtainable, the beat
oxidation resistance (on the 80 per cent TiC 20 per cant Cc) was inadequate.
Two approaches were adopted viz. modification of the composition of the
carbide matrix, and modification of the binder composition. Additions
of a solid solution of niobium, tantalum and titanium carbides were found3
to be markedly effective. Kennametal Inc. added 15 per cent of this solid
solution (NbCTaC/TiC) to their K138 ocmposition (80 per cent TiC, 20
per cent Co) and marketed Ki38A (65 per cent TiC, 15 per cent solid
solution, 20 per cent Cc); subsequently this and other improved cm-
positions became ccmmercially available. A similar improvumnt in oxi-
dation resistance was obtained by using a solid solution of chomhium
carbide (CrC 3) in titanium carbide. This approach was adopte0 7 by
Hard Metal Tools Ltd., Coventry, their preferred cmposition (4i) being
-4) per cent TiC, 6 per cent Cr2O3 and 40 per cent nickel. While the
results obtained using pure chromium as a binder have not been outatadine,

D cETcONYM TIAL
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Co-Cr, Ni-Cr and Co-Ni-Cr alloys have been successfulJy used38 ,3 9 , e.g.
i the 'WZ' series of bonded carbides conmercially supplied by

Metallwerk Plans'e Austria and in the 'Elmet !' coipositions (sinilar
to the 'WZ' seriesi waaufactured by Metro-Cutanit Ltd., Warrington,
Lanes. Whether chroniui. is added as chrominun metal to the binder or as
chromium carbide to the mnatrix, it is usual for it to be present in
both the binder (as chranium in solid solution) and the matrix (as
chrcaiuw carbide in solid solution). A third nethod of inmroving
oxidation resistance viz. by means of 1rotectivo coatings has not been
utilised corL.ercially, although satisfactozy coatings (e.g. high
chromiump content glazas) have been obtained.

All the above types of metal-bonded carbide can be produced
by cold pressing or extrusion, followed by sintering, or by hot pressing
(unless the binder content is too high). A departure from this method
of manufacture is that employed 4 0 by Sintercast Corporation. A porous
skeleton of sinterod titanim carbide (or a TiC-based solid solution of
carbides) is infiltrated with a molten creep resistant alloy.

Few carbides other than titanium carbide have been seriously
considered as a base for high strength cermets. A series of cemented
chromium carbides possessing high oxidation resistance have been deve-
loped41 by the General Electric Co. (U.S.A.) but high temperature
strength is not clamed. At least three carbides formed by union of
carbon with elements other than the transition nmetals have been inves-
tigated viz. the carbides of boron, silicon and beryllium. Hot pressed

boron carbide is conercially supplied for such components as sand-
blasting nozzles but its thermal shock resistance is poor. Cermets

containing titaniuml carbia and boron carbide (giving titanium dibgride
in the structure) possess5 excellent oxidation resistance at 110 C,
and a 100 hour rupture strength greater than 25,000 p.s.i. at 982 C.
Hot pressed beryllim carbide ha.- bcrc;n found to -;v'sess relatively low
bend strength (13,000 p.s.i.) at room temperature. Silicon carbide
has received attention for high strength-at-te.perature applications
only in recent years. Silicon carbide is uznifly bonded with clay and
is of low strength, but bonding with silicon)43 and silicon nitride (SiN)
respectively has produced much stronger b.:dies. Carborundum Co.,
Manchester supply4 4 'Niafrax' silicon carbide (bonded with SiN).
Morgan Crucible Co. have developed4 5 and installed pilot plant for the
manufacture of a silicon carbide body supplied under the trade name
'I.C. Silicon Carbide'. Research work on suitable methods of bonding
silicon carbides, and evaluation of properties are being carried out
by the British Ceramic Research Association under 1. O.S. contract.

The c=opounds formed by the transition metals and nitrogen,
boron and silicon have only recently been studied, mainly because
of the concentration of technical interest on carbi des. Silicides,
borides and metal-bonded borides are manufacturedt by the American
Electro-Metals Corporation, U.S.A. and a subsidiary, the Borolite
Corporation, attention being so far centred on molybdenum disilicide
and bonded zircoum and chromium borides. The N.A.C.A. have
evaluated 'Y,4 the properties of a number of these materials.
The Plessey Compan Limited are investigating5 0 intermetallic cam-
pounds under .0. S. contract, their research effort being concentrated
on silicides. Silicon nitride is being studied by the British Ceramic
Research Association. More recently, intenmetallic compounds such as
aluminides (e.g. nickel aluminide, NiA1) and titanides (e.g. chramium
titanidle, Cr2Ti) have been investigated.
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3.2 Evaluated properties

Reported data on ceramics and cermets of possible usefulness for
gas turbine blading are given in Tables XI to XXIII. For any one
material, it is rare to find that a reasonably comprehensive evaluation
of all relevant properties has been made. Preliminary tests on experi-
mental compositions are usually confined to bulk density or porosity
measurements, oxidation tests and bend strength determinations. The
oxidation test results are usually based on weight gain or loss measure-
ments, and not or, degree of penetration or loss of strength which permits
useful comparison of relative oxidation resistances. Bend strength
rather than tensile strength measurements are made because both the
preparation of the specimens and the testing techniques are much simpler.

In tensile testing brittle materials it is difficult to provide truly
axial loading without incurring bending stresses.) However, bend strength
results for different materials are not generally ccroparable because

different investigators use different test conditions, e.g. 3-point or
4-point loading, different distances between loading points, varying shape
and size of cross-section of specimen, etc. Very little bend creep or
tensile creep data has been published. The usual means of assessing high
temperature strength is, the stress to rupture test. In many cases it is
necessary to assume that true axial loading is maintained during the
tests as no effort is made to describe the test conditions. This test
also gives some indirect information on the oxidation resistance of the
material after 10, 100 or 300 hours testing. For sme materials (e.g.
metal-bonded carbides) rupture tested at 10930C, it is dangerous to a
extrapolate data to longer rupture times because oxidation may so diminish
the cross-sectional area that the slope of the stresq/log. time curve may
increase rapidly. i

The chemical comirositions of two beryllia porcelains, sillimanite
and metal-bonded carbides are given in Table XI. The nominal compositions
of the meta/oxide bodies are given in their designations; the composi-
tions of the commercial silicon carbides and the borides have not been
published. Details of the source and method of manufacture are given in
Table XII. In all cases no heat treatment has been given after the

sintering or hot pressing operations.

Density, thermal expansion and thermal conductivity data are given
in Table XIII. The very low values of thermal expansion of fused silica
and graphite explain their reputedly high resistance to thermal shook.
The thermal conductivities of the metal-bonded carbides are appreciably
greater than that of 30 per cent Cr-A1203 and lower than that of 79 per

cent Cr-A1203.

Data on tensile strength and Young's oduli are given in Table XUV.
The tensile strengths of the oxides are all low in coparison with heat
resistant alloys. The Young's Moduli values for alumina, the low chrcmium-

4 alumina, the carbides and metal bonded carbides are at least 50 per cent
greater than that of the creep resistant metallic alloys. Both fused
silica and graphite possess low tensile strengths; the value for graphite

is so low that even if suitably protected against oddation, it is unlikely

to be applicable in rotor blading.

Stress-to-rupture data for ceramics and cermets are given in Table

XV, and in Figures 6 and 7. Coparative stresq/temperature curves for
100 hour ruptuiv life, with Nimonic 100 for comparison, are given in
Figures 8 and 9. The meta3/oxLde cepets have somewhat greater strength
than the etal-bonded car'bides at 982 C and maintain their strength above
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982°C to a greater extent. Specific 100-hour rupture strength data
relative to Nimonic 90 are given in Table XVI, and Figures 10 and 11.
On this basis the best bonded boriges have sterior rupture strengths
to the best bonded carbides at 982 0; the latter have similar strengths
to molybdenum disilicide. At the same temperature, the metal/oxide
cermets and the bonded borides have comparable rupture strengths. The
beryllia-containing porcelains have superior specific rupture strengths
to any of the other ceramics and ceets.

In the absence of comparative tensile creep data, the relative
bend creep performances of several ceramics and cemets are indicated 6 5
in Table XVII. 'The most creep resistant compositions are obviously
the 20 per cent chroium-alumina, and the commercial silicon carbide.
At 1,000 C, the high chromitua-alwainas are superior to the metal-bonded
carbides. The least creep resistant material at I ,000 C is Nimonic 95,fused silica being comparable.

The oxidation test data in Table XVIII shows the excellent
resis ance of the 30 per cent Cr-A1203 and molybentum disilicide at
1,200 C, and that of the bonded borides at 1,100 C. Although the
weight gain figures for Nimonic 80A (tested under similar conditions
to WZ 120) are somewhat higher than those obtained elsewhere, the
metal-bonded carbides containing a solid solution of titanium, niobium
and tantaluT carbides appear to possess comparable oxidation resistance
up to 1,100 C. Oxidation test data are not available for graphite but
it is generally accepted teat oxidation is rapid above 450/500 C.
Development of protective coatings based on glazus, silicides or silicon
carbide is being pursued by various investigators.

Very little laboratory fatigue test data, even at room temperature,
have been published, and no comarative data is available. The fatigue
strength (bohler) at 49 x 1o6 cycles of the metal-bonded carbide 4uN at
750Cis±30,200 s.i. (compare + 39,400 p.s.i, for Ninonic 90 at
7500C after 45 x 1O: cycles).

The thermal shock resistance of ceramics and cermets has always
been considered their Achilles heel. The relative performance of per-
fectly elastic, i.e. perfectly brittle, materials can be roughly pre-
dicted fram the relative values of the index k where k is the

thu nf conauctivity, a- the tensile strength, L Yolung's iKodulus and a
the coefficient of expansion, assui;ing that the size and shape of the
specimen and the conditions of heat transfer are identical. Unfortu-
nately, data for each of these four properties at the temperature at
which the maximum thermal stress occurs (about 80 per cent of the
teinperature fron which coolin-g occurs) is usually not available. In
ductile materials e.g. metals or alloys, the capacity for relieving
the stress by deformation is probably more important than its physical
and mchanical properties, and hence the above index is inapplicable
to such materials. In cemets, even the relatively low ductility
at elevated temperatures is likely to enhance thermal shock resistance,
and so a low performance index relative to a ceramic may not be a
criterion of service behaviour. Thermal shock indices for ceramics
and cermets ae given in Table XIX. The carbides, metal-bonded car-
bides and fused silica have a high thermal shock rating on this basis.
Alumina is rather over-rated.
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Experimental measurement of thermal shook resistance is often crude,
the precise experimental conditions are rarely described and the results
are seldcm useful for comparison with others. The N. A.C.A. thermal shock
test is satisfactory, although the testing procedure could be improved.

i In this test, disc specimens 2 in. diameter and in. thick are heated

led in a constant velocity air stream. Evaluation
is based on the ability of the ceramic or cermet to withstand without
fracture or cracking 25 cycles of quenching from each of four tempera-
tures. If failure occurs in less than 25 cycles at one temperature,
further testing at the next highest temperature is not pursued. The
results are given in Table XX. It is evident that the metal-bonded
carbides are superior to the other ceramics and cermets, although the
bonded Cr borides and nickel aluminide have not been tested using the
higher cooling air velocity. It is seen in Table XXI that the order of
merit of performance determined fram the thermal shock indices is con-
firmed by experiment. However the important consideration is the cor-
relation of the calculated and laboratory performance data with the
behaviour of the materials tested in the form of gas turbine blading
under actual or simulated engine conditions. Unfortunately, although
the results of several hot spinning and engzne tests have been reported,
these tests were not designed to evaluate thermal shock performance only.
Failure could be clearjy attributed to thermal shock in only a few cases
e.g. the 48110 blades2 o. Fatigue failures in the roots (caused by
resonant vibrations), ".ragnentation" failures due to impact, and disc
failures due to overheating of the rim (in the case of metal-bonded
carbides which possess higher thermal conductivities than alloy blades)
predaiinate. It would appear, however, that many of the metal-bonded
carbides have adecuate thermal shook resistance for aircraft gas turbines,
bu the shape and size of the blades, particularly the thickness of the
leading and trailing edges, will obviously influence this property. The
N.A.C.A. consider that 72 per cent Cr-A1203 has barely sufficient thermal
shock resistance for blading and from this it could be inferred that
only those materials with a superior N.A.C.A. laboratory test performance
merit consideration. The 52 per cent Cr/13 per cent N/A1203 campositions
(designed, so that the metallic alloy and ceramic phases have near-identical
thermal expansions) is considered3 2 to have excellent and consistent
thermal shock resistance when tested in the form of solid nozzle diaphragm
blades. The test results are an appreciable improvement over those
obtained for 72 per cent Cr-A120 3 tested under the same conditions, and
are similar to those obtained for the metal-bonded carbide, FS27.

The major deterrent to the application of ceramics and cermets in
gas turbine blading has not yet been directly considered viz. lack of

ductility. As previously pointed out, the presence of ductility enhances

thermal shock resistance. The absence of ductility means that in root

fixing design, it is imperative that stress concentrations are minimised
by avoiding large or sudden changes in section and by using generous radii.

The absence of ductility means that virtually the same handling precautions

must be taken as in the pottery industry. Assuming that the design

problems can be overcome (tests on experimental root fixings have given

prouising results), and assuming that extreme care in handling coupled
with frequent inspections for damage is simply a matter of "educating"

the user, there remains the problem of accidental damage during engine

operation. Under rapid rates of loading, cermets can be considered to

be equally as brittle as ceramics. If extraneous 'foreigbodies' such

as nuts, bolts, parts of the combustion chamber, etc. should pass through

the turbine, it is probable that portions of one or more blades will

break away, and prior to their passage out of the engine catastrophic
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am.Lage to the remaining blades may occur. huch damage can only be
prevented if it ca l be guaranteed that such accidents will not occur.
Also, it is necessary to guarantee a minimum level of perfonaance for
the blading. Failure of one blaae by creep, fatigue or thermal
shock could lead to coiplete damage of the remainder by impact. Such
total damage has occurred in erperizental engines.

ie L ct strengths of some ccramcs and cermets have been
evaluated, usually by measuring the energy required to fracture speci-
mens located in a stationany anvil and struck by a weight moving at a
velocity of about 10 fVs. The weight may be attached to a pendulum
as in the Charpy, Riehle, Baldwin and Hounsfield machines, or dropped
from a height sufficient to fracture the specimen (N.A.C.A. test).
The results of room temperature izpact tests are given in Table JXXII.
Being essentially brittle materials, notching (unless it is veryj
severe) has little effect on the impact strength and most tests are
carried out on unnotched specimens. Only the results obtained on any
one machine are comprative. The blade alloy, Lt0, has 15 to 30 tmes
the impact strength of the cermets. The impact strength of the inter-
metallic compound, nickel aluminide, is superior to the metal-bonded
carbides. The improvement in the impact resistance of cermets with
increasing binder content is not as marked as the decline in rupture
strength. The chromiunValumina cerrets are much less resistant to
impact than the metal-bonded carbides, while 'Niafrax' silicon carbide
and Zr Boride 101 are very weak in this rcstect. At elevated tempera-
tures some improvement in impact strength majr be expected but the
published data (see Table LOIII) are not encouraging. Endeavours to
improve impact strength properties are being made, e.g. b- spheroidisa-
tion of the carbidos in metal-bonded carbides and by producing a metal-
rich surface layer b& infiltration. Obviously a comnromise must be made
between adequate rupture strength and impact strength. Materials that
are strong at elevated temperatures are resistant to defornation. For
resistance to impac 8or fragmentation, plastic defomation is necessary.
According to GlaserbS, an impact strength of 20 ft. lb. (Charpy test) is
the imiediate target (compare 4 ft. lb. for titanium carbide bonded with
50 per cent of a nickel/chromiu4/cobalt alloy).

4.0 CrEnison of the_-ro erties of metals, alloys, ceramics .and
cermets

The primary requirement for gas turbine rotor blading, viz. an
ade,.wte level of strength maintained at the operating temperature for
the specified engine life, will be first considered. Comaparative 100
hour rupture stres data for representative metals, alloys, ceramics
and cermets at 871 C and 9820C are given in Figures 10 and 11. On a
relative density basis, i.e. relative to Nimonic 90, the 100 hour
rupture stress data are shown in Figures 12 and 13. At 871 C, (Figure
12) and even more markedly at 982 0C (Figure 13) the superiority of the
ceramics and cenaets overothe nickel, cobalt and iron-based alloys is
clearly evident. At 982 0C, the metal-bonded carbides havs lost
approximately 50 per cent of their rupture strength at 871 C. The
bonded borides and chromiun/alumina compositions are obviously
superior to the bonded carbides. Even on a relative density basis
the wrought molybdenum alloys are still highly attractive and it is
hoped that adequate protection of blading against oxidation under
operating conditions can be achieved. Of the ceramics and cermets,
molybdenum disilicide, 4811C, Zr boride 101, 30 per cent Cr-A1203
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and probably 72 per cent Cr-AJ 2 03 have inadequate thernal shock resistance
for gas turbine blading. Assum-ing that the brittle characteristics of
the remaining cermets (viz. the metal-bonded carbides, e.g., WZI, K161B
and TC-66-1 the Cr boride 301 and the 52 per cent C1/13 per cent MO/A1 2 03

composition are not objectionable then they are potentially useful for
gas turbine rotor blading. The 100 hour rupture stres4/temperature
curves for these cermets are included in Figure 14.

The respective temperatures at which a 100 hour rupture life can
be obtained for Nimonic 90 under centrifugal stresses of 8, 10, 11 and
13.4 tcns/sq.in. were derived from the stress/temperature curve for
Nim nic 90 (Figure 3). For the same centrifugal loading the centrifugal
stresses for representative alloys and cennets were calculated and the
corresponding temperatures for the same rupture life were derived from
their stress/temperature curves. The results are given in Table XXIV.
In this way the temperature advantage over Nimonic 90 th at can be obtained
with the potentially useful cermets and metallic materials is apparent.
Nimonic 100 has a 30/40 C advantage over Nimonic 90. The strongest
Co-based casting alloy, 73J, is competitive with Nimonic 100. The
strongest metal-bonded carbides, K161B and TC-66-I have 8q/90 C tempera-
ture advantage ovgr Nimaonic 100 and the 52 per cent Cr/13 per cent Mc/
A1203 has 120/130"C advantage. Pure stress-relieved molybdenun has an
appreciable temperature advantage over Ninonic 100 only at the lowest
value of 100 hour rupture stress. The 0.45 per cent Ti - Mo alloy
shows a temperature advantage of approximately 180 C over N imolic 100
and this value is maintained for the rupture stress range considered.
It is probable that recrystallised or silicon-bonded silicon carbides
will be developed with comparable specific strengt-, to the bonded borides
and possibly greater thennal shock resistance.

Assurdng that nickel-, cobalt- or iron-based alloys of superior
strenigth to Nuimonic 100 are ultimately developed, it is unlikely that
they will retain their strength at temperatures as high as that possible
for the above-rientioned cermets, or for molyhdenmi alloys. Nevertheless,
the brittle characteristics of the cemets and the poor oxidation resis-
tance of molybdenua alloys have prevented their application and the
replacement of current metallic alloys. Even if adequate mechanical
shock resistance is obtainable in cennets, there are other problems to
which not very much thought has been given. For example, it is
essential that a minimum level of strength can be guaranteed for the

blades which, in the case of ceets, would be individually made either
by hot pressing or sintering. As for blade castings, conventional
non-destructive ins-oection techniques such as X-ray ex.amination are only

useful for revealing gross defects. It may therefore be necosshxy to
use inspection methods such as cold or hot spin tests to guarantee both
soundness and a min!uPum level of strength. The problem of obtaining
uniformity of production, e.g. reproducibility of size and shape as well
as properties has not received serious attention. The finish r, chining
of thin trailing edges by diamond grinding is far from desirable in
quantity production. It is possible that the designer will have to
depart from traditional practice and employ not only different root
fixings but thicker leading and trailing edges for ease of production.
If, in the case of molybdenum alloys the oxidation resistance rroblem
is solved, engineers may not accept protective coatings which are likely

to have the same brittle characteristics as ceramics and cermets. The
problem of obtaining uniformity of couaposition and keeping detrimental
impurities to a minimum level is being investigated, the latter being
important if roan temperature brittleness is to be avoided. Further
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work on chrotiul-based alloys is necessary to determine whether brittle-
ness either Of the manufactured alloy or developed on heating in air at
elevated temperatures can be prevented. It is not known whether any
research work is being carried out on niobium alloys but it is obvious
that if alloying additions can be made to improve simultaneously creep
strength and oxidation resistance without resorting to the use of
protective coatings, such alloys are the most likely successors to the
nickel-based alloys.

5.0 conclusions

(1) A review and analysis of available data on metals, alloys,
ceramics and ceramic/metal coposites (cermets) in use or potentially
useful for aircraft gas turbine blading have been made.

(Z) Frm the data, it is evident that the best wrought
nickel-based alloy, Nimonic 100, is unlikely to be useful at blade
temperatures above approximately 8800C assuming a centrifugal stress of
8 tont/sq.in. and a 100 hour rupt re life. Under the same centrifugal
loading, Nimcnic 100 has a 30/40 C temperature advantage over Nimonic 90.

(3) No cobalt- or iron-based alloy, whether wrought or cast, is
superior under the above conditions to Nimonic 100. The s trengths of
wrought nickel- and c8balt-based alloys fall off more rapidly with
temperature above 880 C than cast nickel- or cobalt-based alloys or some
wrought iron-based alloys.

(4) There are no other blade materials ianediately available
which cani replace Nimonic 90 (and eventually Nimonic 100) for highertemperature service. Metallic alloys (based on chromium and molybdenum
respectively) and cenrnets (predmninantly metal/carbide, metal/oxide and
bonded boride canpositions) possessing similar or superior strength at
appreciably higher temperatures have been developed but their inadequacy
in other respects precludes their application.

(5) The attractive high temperature strength properties of
molybdenum and its alloys cannot be utilised until reliable coatings
for complete protection against oxidation are developed and accepted.

(6) The high temperature strength properties of niobium
indicate that if and when suitably alloyed to improve its oxidation
resistance, it may prove more attractive as a base metal than molyb-
denum or chromium.

(7) Chranium-based alloys having superior stress-to-rupture
properties to Nimonic 100 have been developed but their brittleness
prevents their application. It is possible that ductile alloys may
be manufactured by careful processing to eliminate detrimental
impurties.

(8) The pure ceramics, i.e. oxides, carbides, borides,
nitrides and silicides so far developed are not considered useful for
turbine blading because of inadequate thermal shook resistance,
inadequate strength or extreme brittleness.

(9) Bonded carbides and borides and meta2/oxide cermets
possessing good thermal shock resistance and similar or superior strength
to NIncic 100 at appreciably high temperatures have been developed.
Their poor mechanical shock resistance has precluded their application
in production engines.
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Author Title.

J. W. Weeton
F. J. Clauss and
J. R. Johnston N.A.C.A. FddE 54K17, March, 1955 .

2 C. J. Smithells Metals Reference Book.2Published by Butterworth Publications,

, Ltd., 2nd Edition, 1955, Vols. I and II

3 N. P. Allen and J. Institute of Metals, 1954, 82(2)
W. E. Carrington p.525

4 R. M. Parke and Symposium on materials for gas
P. P. Bens turbines. 49th Annual Meeting of

A.S.M. 1946,published by A.S.1!l
pp. 80-98

5 A. H. Sully Chromium.
Published by Butterworth Scientific
Publications, 1954.

6 H. L. Wain J. Institute of Metals, 1954, 83(4)
F. Henderson and p.133
S. T. l. Johnstone

7 H. V. Kinsey and Canadian Journal of Metals, 1949, F.27,
M. T. Stewart pp. 80-95.

S S. L. Case A metallurgical study of molybdenum.
Battelle Memorial Institute, Sumary
Report to O.N.R., 15th October, 1954.

9 Henry Wiggin & Co., The Nimonic alloys
Rirmingham. Design Data, Third Edition, September,

• 1955.

10 A.S.M. Comaittee Metal Progress, 1954, 66(IA) July 15th,
1954, p.42.

11 A.G. Guy A.S.M. Preprint No.34, 1948

12 A.S.M. Special Publication,
No.170, 1955.

13 Wm. Jessop & Sons, Ltd. Preliminary data sheet on G 42 B,
Serial No. M272/4, July, 1955.

14 Wm. Jessop & Sons, Ltd. Preliminary data sheet on G 40,
Reference M.479, March, 1955.

15 Wm. Jessop & Sons, Ltd. Data sheet, Reference No. M.107/5 on
G 32, July, 1955.

16 Wm. Jessop & Sons, Ltd. Data sheet, Serial No. M.1933 on
G 34 undated.
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No. --

17 N. J. Grant Trans. A.S.1M. 1948, 40, p.157

18 N. J. Grant Trans. A.S.M. 1947,39, p.281

19 R. W. A. Buswell Metal treatment, 1955, 22 (19)

p. 325

20 Climax Molybdenum Co. Arc-cast Molybdenum and its alloys
Brochure, 1955.

21 D. W. Ba~ibridge Institute of Engineering Research
Report, Issues 15 and 28, 1952,
University of California.

22 J. W. Freeman Symposium on materials for gas
E. E. Reynolds and turbines. 49th Annual Meeting of
A. E. White A.8.M. 1946. Published by A.S.M.

pp. 52-79.

23 Haynes Stellite Division Haynes alloys for high temperature
Union Carbide and Carbon service, Brochure dated i948.
Corporation

24 R. W. Ridley Creep properties of Nimonic 90 bar
material at 850, 900, 950 and 1000 0,
for periods up to 1000 hours.
N.P.L. Report HT No.35/53, Feb. 1953.

25 H. C. Cross and Symposium on materials for gas
W. F. Simmons turbines. 49th Annual Meeting of

A.S.ii 1946. Published by A.S.M. P.3.

26 F. 0. Hess F.I.A.T. Final Report No. 924.
September, 1946.

27 E. Ryschkewitsch U.S. Air Force AF Technical Report
No.6330 (1950)

28 A. R. Bobrowsky Trans. A.S.M.E. 1949 71(8), p. 6 21

29 J. C. Freche and N.A.C.A. RME8G20, October, 1948
B. W. Sheflin

30 A. R. Blackburn and J. American Ceramic Soc. 1951.
T. S. Shevlin 34 (11) p.327

31 T. 6. Shevlin J. American Ceramic Soc. 1954,
37 (3) p.140

32 T. S. Shevlin and W.A.D.C. Report 54-173, Part I
C. A. Hauck March, 1954.

33 Plessey Co. Ltd. Development of sintered metal-metal
oxide bodies for high teuperature
turbine blade applioations.
Unpublished Work on , O.S. Ccntremt,
No.DVGerj-125/C. F. 14(b)
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34 Haynes Stellite Division Properties of Metamic LT-1
Union Carbide and Carbon Brochure 23rd June, 1953.
Corporation

35 W. Dawihi Chem. Fabrik 1940, 13, p.133

34 J. C. Redmond and Trans. A.M.I.E. 1949, 185, 987
E. N. Smith

37 E. M. Trent Metallurgia, 1950, 42, (250) p. 1 11
A. Carter and

J. Bateman

38 R. von Kieffer and Planseeberichte fUr Pulvermetallurgie
SF. K8lbl 1952, 1,(0), PP. 17-35

39 Metropolitan-Vickers Ltd. Private correspondence

40 Sintercast Corporation Sintercast process.
of America Brochure, June, 1953.

141 The Engineer, 1952, 194(5040) p.285

42 E. T. Montgaery W.A.D.C. Report TR-327, Paper No.19,
p.150

43 W. J. Koshuba and Iron Age, 1951, 168 (23), p.154
J. A. Stavrolakis

44 Carborndum Co. Ltd. Properties and uses of 'Niafrax'.

Manchester Brochure, undated.

45 Morgan Crucible Co. Ltd. Private discussions and correspondence

46 American .lectro-Metals Borolite Corporation - background,
Corporation, Yonkers, N.Y. status of present and future activities.
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A.FMIX I

Chipjal Symbols of Elements and Compounds

Chemical Symbol Element or Campound

A Aluminium
A12 03  Aluminium oxide
B Boron
BeO Berylliun oxide (bezyllia)
0 Carbon
CaO Calcium oxide
Co Cobalt
Cr Chromium
Cr B Chromium boride
Cr 2 C3 Chromium carbide
Fe Iron
MeQ Magnesia
Mn Manganese
Mo Molybdenum
MOSi 2  Molybdenum disilicide
Nb Niobium
Ni Nickel
Si Silicon
SiC Silicon carbide
Si0 2  Silica
Ta Tantalum
TaC Tantalum carbide
Th02  Thorium oxide (thoria)
Ti Titanium
TiC Titanitun carbide
V Vanadium
W Tungsten (wolfram)
WC Tungsten carbide
Zr Zirconium
ZrO2  Zirconium oxide

ZrO2.SiO2  Zirconium silicate (zircon)

i
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